Liver metabolism and energetics of 24 patients with liver disease were studied using phosphorus-31 magnetic resonance spectroscopy. Significant abnormalities were detected in the majority of these patients. A striking diversity in metabolic patterns was observed. Patients with acute viral hepatitis had low liver phosphodiesters and high phosphomonoesters, possibly phosphocholine and phosphoethanolamine. In alcoholic hepatitis phosphomonoesters were raised. Intracellular inorganic phosphate and inorganic phosphate/ATP ratios were decreased in primary biliary cirrhosis and in some patients with hepatitis. These spectroscopic results were evaluated in respect of the pattern of liver damage and celiular regeneration. Liver tumours had raised phosphomonoesters and also showed evidence for altered spin-lattice relaxation of the phosphorus nucleus in various metabolites. In iron overload the liver ATP resonances were broadened. The line broadening correlated with the degree of iron overload suggesting the potential use of P-31 magnetic resonance iron. spectroscopy for measuring liver Both magnetic resonance imaging and spectroscopy utilise the interaction between a strong magnetic field and radiofrequency energy to detect nuclei such as 'H or 31P. These nuclei have magnetic moments so that when placed in a magnetic field, they line up like little bar magnets. If a coil of wire is placed at right angles to the magnetic field over a sample and a brief radiofrequency pulse of the right frequency is passed through the coil, the nuclei are tipped over. As the nuclei realign themselves a small alternating current is induced in the coil. The frequency of this current is uniquely determined by the nucleus, its chemical environment and the strength of the magnetic field; and the amplitude by the number of nuclei present in the sample. By applying magnetic field gradients across the sample, the spatial distribution of the nuclei can also be determined. In magnetic resonance imaging, the signal from 'H in all chemical compounds in tissues is used to generate the image. As water and fat contribute the major proportion ofthe protons, magnetic resonance images represent the density oftissues. In magnetic resonance spectroscopy, by using much stronger magnetic fields (typically >1 5 tesla) and magnets with much more homogenous fields, signals due to different phosphorus compounds can be resolved.
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MISCELLANEOUS DISORDERS
Two patients were examined three to four days after an overdose of paracetamol. One patient was slightly jaundiced and had raised liver enzymes, the other was normal except for a small increase in AST. The magnetic resonance spectroscopy investigations were done as previously described.8 Spectra were obtained at 1-9 tesla using an 8 cm diameter surface coil. After determining the position of the liver by percussion and, in some cases, ultrasound, the patient was positioned on the right side with the centre of the liver dullness (usually over the mid to anterior axillary line) over the centre of the coil. In patients with liver tumours the surface coil was positioned over the tumour; the location of the tumours was determined from computed tomography and ultrasound scans. Signal from the liver was localised using magnetic field profiling. In two-thirds of the examinations, the signals obtained were exclusively from liver as indicated by the absence of any phosphocreatine signal (phosphocreatine is a major constituent of the overlying skeletal muscle but is absent in liver). Even when a small phosphocreatine peak was present in the spectra, indicating some contamination from muscle, its area was always less than 50% of the y-ATP peak. From known metabolite ratios in skeletal muscle'0 it can be calculated that muscle metabolites contributed less than 10% to the peak areas of ATP, inorganic phosphate, phosphomonoesters and phosphodiesters. Though we refer to ATP peaks, studies on extracts of animal livers have shown that up to 10% of the signal may be derived from other nucleotide triphosphates such as uridine triphosphate."
The problems of measuring absolute concentrations of metabolites from magnetic resonance spectroscopy spectra obtained using surface coils are well known." In the present study, interpretation of the data was based on ratios of peak areas. We found that when the absolute areas of peaks in the control studies were measured, however, the coefficient of variation for ATP was about 15%. This small variation was seen presumably because using the same protocol, processing and plotting parameters, the signal obtained in most subjects, was derived from a similar volume of liver. We therefore summarised the absolute signal intensities in Table II as an adjunct to the ratios in Figure 2 . The units for the absolute signal intensities were derived assuming that the mean of the intensities of the ,3-ATP peak in 16 control subjects represented 215 ,tmol/g wet wt.
(This is the concentration of ATP in normal human liver as determined by direct biochemical assay'3).
Neither metabolite ratios nor absolute signal intensities were corrected for saturation effects because of incomplete T, relaxation. In a magnetic resonance spectroscopy experiment, the recovery ofthe phosphorus nuclei to equilibrium after a radiofrequency pulse is an exponential process determined by TI. Interpulse delays shorter than approximately five times T, will lead to incomplete recovery or relaxation and hence a reduction in signal. We determined if there were any changes in T1 by comparing peak areas from spectra obtained using repetition rates of 0 1 s and 1 s. In healthy subjects under the pulse conditions used (1800 pulse at coil centre and interpulse delay of 1 s) ATP was fully relaxed whereas phosphomonoesters, inorganic phosphate and phosphodiesters were about 70%, 80% and 50%, respectively, of the full unsaturated signal.8 The effect of T, relaxation on peak intensities was estimated by calculating the ratio of signal intensity at 0 1 s interpulse delay to signal intensity at 1 0 s interpulse delay. This ratio we define as the 'T1 relaxation factor'. Chemical shift was measured relative to water and expressed as parts per million (ppm) relative to phosphocreatine.78 The pH was derived from the shift of inorganic phosphate.'0 The control range is defined as mean ± 2 standard deviations.
Results Figure 1 shows P-31 liver spectra from a control subject and three patients with liver diseases. It can be seen that there are differences in relative peak intensities in the spectra. The ratios of the various liver metabolites are given in Figure 2 The a-A TP peak also contains contributionsfrom NAD(H) and UDP-glucose. Phosphocreatine due to small contamination ofthe spectrum with signals from skeletal muscle (diaphragm or intercostals) is denoted by the asterisk. also had high normal (one) to increased (four) liver phosphomonoesters and low normal (two) to decreased (three) phosphomonoesters. Patients with alcoholic hepatitis also had high normal (one) or increased (three) liver phosphomonoesters but phosphodiesters were normal. All patients with primary biliary cirrhosis showed a marked reduction in liver inorganic phosphate. In two the ATP was also decreased. Phosphomonoesters were high in liver tumours.
There were differences in the chemical shift of the phosphomonoesters peaks in the spectra from some of the patients when compared with controls. The chemical shift of the phosphomonoesters peak depends an the relative contribution of its constituents, phosphocholine, phosphoethanolamine and sugar phosphates. phosphate=0-69, phosphodiesters=0-55, f1ATP=0-47.
P-31 liver spectra of the patients with iron overload are shown in Figure 4 . The peaks were broadened in moderate iron overload (plasma ferritin 675 mg/ml) and were broadened out completely in severe iron overload (plasma ferritin 3750 mg/ml). Well resolved P-31 spectra from overlying muscle were obtained in these patients indicating that the line broadening was the result of changes in relaxation times and not the result of technical problems. The water peak from the liver proton spectrum was also markedly broadened in these patients (data not shown).
Discussion
This study shows that abnormalities in liver metabolism can be detected by P-3 1 magnetic resonance spectroscopy. The signal in the phosphomonoesters region was raised in 22 of the 25 patients. The abnormal phosphomonoesters peaks were found in all patients with viral In the patients with iron overload the resonances of P-3 1 liver spectra were broadened apparently depending on the degree of iron overload. The line broadening could result in part from susceptibility effects of Fe3+ which is stored as ferritin and haemosiderin in liver lysosomes.'8 ' Similar broadening of proton lines in liver have been observed using proton imaging in patients with haematomas or haemochromatosis.20 21 In conclusion, we have shown several biochemical abnormalities in diseased liver by P-31 magnetic resonance spectroscopy. Some of the results may allow new insight into membrane breakdown and biosynthesis in liver disease.
Although the information gained is not as yet directly relevant to the day to day management of patients, it may contribute to the better understanding of liver disease and its therapy.
